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FOF1-ATP synthase (FOF1) has been investigated by using several
single-molecule analytical techniques as well as by biochemical
methods. The studies have advanced our understanding of the rotary
catalysis and inhibitory mechanisms. However, because most of the
studies were performed with bacterial FOF1s, molecular mechanisms
of factors unique in eukaryotic FOF1, such as IF1, ε subunit (no
counterpart in bacterial FOF1) and inhibitory compounds, still
remains to be clarified. To overcome the gap, we constructed a
heterologous expression system for human F1-ATPase (HF1) using E.
coli as a host cell. Five kinds of genes encoding for human F1-ATPase
(α, β, γ, δ, and ε) were cloned from human cDNA library and then,
introduced into an expression vector. HF1 was successfully expressed
in FOF1-deficient E. coli cells. The recombinant HF1 was purified from
the cytoplasmic fraction of the cells by using Ni-Sepharose (histidine-
tag was introduced at N-terminus of β subunit) and gel-filtration
column chromatography. Thus obtained HF1 complex showed
significant ATPase-activity, of which 95% was inactivated by 2.5 mM
sodium azide. The azide-sensitive ATPase was inhibited almost
completely (93%) by 1 µM efrapeptins with 25 nM IC50, while FOF1s
of Bacillus PS3 and E. coli showed no sensitivity at all to efrapeptins.
Also, 87% of ATPase was inhibited by 2.4 µM IF1 (IC50=0.35 µM).
These results suggest the intact characters of the recombinant HF1.
Then, HF1 was subjected to single molecule analysis to investigate the
rotary catalysis mechanism. Biotinylated HF1 at the rotor moiety was
immobilized on Ni-NTA glass surface, and submicron particle(s) was
fixed to the rotor. Under the view of a microscope, counterclockwise
rotation (when seen from the FO-side) was observed. This is the first
demonstration of rotation of mammalian F1-ATPase.
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F1-ATPase is a rotary molecular motor in which the rotor subunit,
γ rotates against the α3β3 stator ring upon ATP hydrolysis. The
catalytic sites reside at the α–β interfaces, mainly on β subunits. A
widely accepted scenario is that ATP-binding leads to the inward
swing motion of the C-terminal domain of β toward γ, which is then
converted into the γ rotation. Therefore, the directly contacting loop
of this domain with γ, which includes a highly conserved sequence,
‘DELSEED’, is thought to have a critical role in torque-transmission. A
recent finding that an axle-less F1-ATPase still shows unidirectional
rotation supports the above scenario although torque of the axle-less
F1 is half of that of the wild-type [1]. While it was suggested that the
torque-transmission from β to γ subunit is mediated mainly by
specific electrostatic interactions at DELSEED loop [2], mutagenesis
works on this loop showed that the torque-transmission mechanism
is robust against partial Ala substitution [3] or deletion [4]. With
attempt to reveal the robustness of the torque-transmission at this
region, we have carried out extensive Gly substitutions around
DELSEED loop to completely destroy the specific interaction and also
structural rigidity. All of 9 amino acids composing the loop were
substituted with Gly, and the ATPase and rotation activities of the
mutant were examined. Surprisingly, the mutant F1 was active in
ATPase and rotation. We further substituted, with Gly, 1 or 2 turns of
both 2 α-helices connected with the loop. However, still mutant F1
showed active unidirectional rotation although the average rotary
velocity is slower than that of the wild-type. Based on these findings,
we concluded that the torque-transmission between β and γ is not
mediated by any specific electrostatic or steric interaction and it is
designed to be highly robust against perturbation.
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F1-ATPase (α3β3γ) is a rotary motor protein, which couples ATP
hydrolysis to the rotary motion. Extensive studies mostly revealed the
chemomechanical coupling mechanism of F1; however, the timing of Pi
release remains to be clarified. Each of three β-subunits, which has the
catalytic site, follows the same reaction pathway of ATP hydrolysis, but
they are always in a reaction phase differing by ±120° from each other.
Then, focusing on one β-subunit, β binds ATP at a particular binding
angle. After γ rotates 200°, β cleavages the bound ATP into ADP and Pi.
The produced ADP is released fromβ after further 40° rotation at+240°
from the ATP-binding angle. Previous studies also suggested two
possibilities of the timing of Pi-release. Pi is released: (i) right after
ATP cleavage at +200°, or (ii) at +320° from the ATP-binding angle. In
this study, we observed the rotating F1 andmeasured the equilibrium of
ATP cleavage/synthesis with the magnetic tweezers as previously
reported [1]. As F1 released the produced Pi, the equilibriumwas shifted
toATP cleavage; therefore, from the time course of theprobabilityof ATP
cleavage, we determined the rate of Pi-release at the angle for ATP
cleavage and ADP release as 0.021 s−1and 1.5 s−1, respectively. We also
determined the rate at the proper angle for Pi-release as 2600 s−1 by
using the fast-framing camera. From these results, we found that Pi
release at the angle for ATP cleavage was the uncoupling side reaction
and authentically occurred at +320° from the ATP-binding angle. In
addition, the rate of Pi release strongly depended on the rotary angle,
and the activation energy change was estimated to be DE=5.5kBT/rad,
which was almost 55% of the net rotary torque exerted by F1, implying
that Pi release is the main torque generating step of F1.
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